Repeated attempts to show that costimulation for negative selection is controlled by a single cell surface molecule have been unsuccessful. Thus, negative selection may involve multiple cell surface molecules acting in consort. In support of this idea, we show here that at least three cell surface molecules, namely CD28, CD5, and CD43, contribute to Fas-independent negative selection of the tolerance-susceptible population of heat-stable antigen (HSA) hi CD4 ϩ 8 Ϫ cells found in the medulla. The costimulatory function of these three molecules can be blocked by certain cytokines, IL-4 and IL-7, and coinjecting these cytokines with antigen in vivo abolishes negative selection; Fas-dependent negative selection, however, is maintained. The results suggest that efficient negative selection requires the combined functions of at least four cell surface molecules: CD28, CD5, CD43, and Fas.
N egative selection of thymocytes destroys autoreactive T cells in situ and is crucial for self-tolerance induction (1) (2) (3) (4) . Negative selection is directed to agonist self-peptides bound to MHC molecules and causes immature thymocytes with specificity for these ligands to die via apoptosis (3, 4) .
As TCR ligation alone is insufficient to kill thymocytes (5-9), the onset of apoptosis during negative selection is presumed to be under the control of costimulatory molecules (5) (6) (7) 9) . However, despite concerted efforts, the issue of which particular cell surface molecules provide costimulatory function for negative selection has yet to be resolved. Based on studies with gene knockout and mutant mice, several molecules, including CD30 (10), TNFR (11) , CD28 Ϫ / Ϫ (12) , and Fas (13, 14) appear to influence the destruction of cortical thymocytes seen after injecting normal or TCRtransgenic mice with anti-TCR/CD3 mAbs or specific peptides. Whether these data are relevant to physiological negative selection, however, is questionable, because destruction of cortical thymocytes can be a reflection of stress induced by mAb-or peptide-induced activation of mature T cells in the peripheral lymphoid tissues (15) (16) (17) . This problem does not pertain to negative selection directed to endogenous self-antigens. For these antigens, mice lacking CD30 molecules display impaired negative selection of TCR-transgenic cortical thymocytes specific for the male (HY) antigen (10) . However, CD30 Ϫ / Ϫ mice show no defect in negative selection to endogenous superantigens (Sags). 1 For these antigens, negative selection occurs late in thymocyte differentiation and is most prominent in the medulla (18, 19) . The observation that CD30 controls negative selection in the cortex but not the medulla is surprising, because expression of CD30 and CD30L is largely confined to the medulla (20) (21) (22) .
For the late onset form of negative selection directed to endogenous Sags, little or no defect in negative selection is seen in TNFR Ϫ / Ϫ (11), CD28 Ϫ / Ϫ (23), or Fas-deficient lpr/lpr (24) mice. CD40L Ϫ / Ϫ mice do show impaired negative selection to Sags, implying that CD40L may act as an important costimulatory molecule for negative selection (25) . However, the alternative possibility is that CD40L promotes negative selection by increasing the expression of other costimulatory molecules on thymic APCs (11) . With regard to other molecules, Fas has been found to influence negative selection of a population of semimature heat-stable antigen (HSA) hi CD4 ϩ 8 Ϫ cells found in the medulla (26, 27) . In neonatal mice, V ␤ -specific deletion of these cells after injection of soluble Sags is prominent in normal mice but defective in lpr/lpr mice, though only when high doses of antigen are injected.
As a whole, the approach of using gene knockout mice to define the molecules that provide costimulation for negative selection has been unsuccessful. It is conceivable that further studies will reveal that negative selection is mediated via a single, as yet undiscovered costimulatory molecule. However, the alternative possibility is that negative selection is controlled by several different molecules acting in consort. According to this redundancy model, deletion of individual costimulatory molecules would have little or no effect on negative selection because of compensatory function by the other molecules.
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Several Cell Surface Molecules Control Negative Selection A prediction of the above model is that a number of different cell surface molecules on thymocytes can provide costimulation for apoptosis after TCR ligation. To address this issue, we have assessed the requirements for inducing TCR-dependent apoptosis of typical immature cortical CD4 ϩ 8 ϩ thymocytes and also the population of semimature HSA hi CD4 ϩ 8 Ϫ thymocytes found in the medulla. For HSA hi CD4 ϩ 8 Ϫ thymocytes, the results show that at least three different cell surface molecules, CD28, CD5, and CD43, can provide costimulation for TCR-mediated apoptosis. Two cytokines, IL-4 and IL-7, impair the function of these molecules and can abolish negative selection both in vitro and in vivo.
Materials and Methods
Mice. Adult C57BL/6 (B6), B6 lpr/lpr , BALB/cByJ, B6 CD28 Ϫ / Ϫ (28), B6 CD43 Ϫ / Ϫ (29) , and C3H/HeJ mice aged 6-10 wk were obtained from The Jackson Laboratory. For in vivo studies, CD28 Ϫ / Ϫ , CD43 Ϫ / Ϫ , CD28 Ϫ / Ϫ lpr/lpr , and CD43 Ϫ / Ϫ lpr/lpr mice were backcrossed to BALB/c (H-2 d ) for four to five generations; newborn (2-d-old mice) were used.
Antibodies. Antibodies specific for the following markers were previously described (26, 30) : CD3 (C363.29B, rat IgG), CD4 (RL172, rat IgM), CD8 (3.168.8, rat IgM), CD25 (7D4, rat IgM), CD45 (104.2.1, mouse IgG 2 ), and HSA (J11D, rat IgM). The following mAbs were purchased from PharMingen: anti-TCR-␤ (H57-597, hamster IgG), anti-CD2 (RM2-5, rat IgG), anti-CD5 (53-7.3, rat IgG), anti-LFA-1 (CD11) (M17/4, rat IgG), anti-CD27 (LG.3A10, hamster IgG), anti-CD28 (37.51, hamster IgG), anti-CD40L (CD154, MR1, hamster IgG), anti-CD43 (S7, rat IgG), anti-CD48 (HM48-1, hamster IgG), antiCD49d (very late antigen [VLA]-4; R1-2, rat IgG), anti-CD81 (2F7, hamster IgG), anti-thymic shared antigen (TSA)-1 (MTS35, rat IgG), anti-CTL-associated antigen (CTLA)-4 (CD152; UC10-4F10-11, hamster IgG), anti-CD95 (Fas; Jo2, hamster IgG), and Cy-Chrome-conjugated anti-CD4 (H129.19, rat IgG). PE-conjugated anti-CD8 (53.6.7, rat IgG) was purchased from GIBCO BRL. Anti-CD30 (2SH12-5F-2D, hamster IgG) mAb (31) was provided by Dr. Eckhard R. Podack (University of Miami School of Medicine, Miami, FL).
Cell Purification. TCR lo CD4 ϩ 8 ϩ and HSA hi CD4 ϩ 8 Ϫ thymocytes were purified as previously described (8, 9, 26) . In brief, TCR lo CD4 ϩ 8 ϩ cells were prepared by treating thymocytes with mAbs specific for CD3 (C363.29B) and CD25 (7D4) plus guinea pig complement (C) for 45 min at 37 Њ C and then positively panning the surviving cells on plastic plates coated with anti-CD8 (3.168.8) mAb. HSA hi CD4 ϩ 8 Ϫ cells were prepared by treating thymocytes with mAbs specific for CD8 (3.168.8) and CD25 (7D4) plus guinea pig C at 37 Њ C, followed by sequential positive panning with anti-CD4 (RL1720 and anti-HSA [J11D]) mAbs, respectively.
Culture Conditions. Purified thymocytes (3 ϫ 10 5 ) were cultured in 0.2 ml of RPMI supplemented with 5 ϫ 10 Ϫ 5 M 2-ME, l -glutamine, and 10% FCS in 96-well tissue culture plates coated with anti-TCR (H57-597) ϩ / Ϫ anti-CD28 (37.51) mAbs or medium alone (26) . Where indicated, recombinant IL-2, IL-4, IL-7, and IFN-␥ (32, 33) were added to the cultures at 100 U/ml.
In Vivo Treatment for the Deletion of Immature Thymocytes. As described elsewhere (27) , newborn (1-6-d-old) mice were injected intraperitoneally with staphylococcal enterotoxin B (SEB; Sigma Chemical Co.) at the dose specified. 44 h after injection (on day 2), the mice were killed and cell surface markers of thymocytes were analyzed.
Flow Cytometric Analysis. For the in vivo studies, thymocytes were incubated with FITC-conjugated anti-HSA (M1/69), PE-conjugated anti-CD8 (53-6.7), Cy5-conjugated anti-CD4 (GK1.5), and biotinylated anti-V ␤ 8 (F23.1), anti-V ␤ 6 (RR4-7), or anticlonotype DO11 (KJ1.25) mAbs, followed by TRI-COLOR-conjugated streptavidin (Caltag Labs.). For in vitro studies, thymocytes were stained with PE-conjugated anti-CD8, Cy-Chrome-conjugated anti-CD4 (H129. 19) , and Cy5-conjugated anti-HSA (J11D) mAbs, and then TUNEL (TdT-mediated dUTP-biotin nick-end labeling)-stained after cell fixation. TUNEL staining was described previously (8, 9) . In many of the figures, the data are expressed as difference in ( ⌬ ) apoptosis, i.e. percent apoptosis induced by mAb ligation minus the background percent apoptosis for cells cultured in medium alone.
Results
Experimental System. To examine which particular molecules on thymocytes provide costimulation for negative selection, we employed the system of Punt et al. (6) , in which purified subsets of thymocytes are cultured overnight in wells coated with anti-TCR mAb plus/minus other mAbs. Using TUNEL staining to detect apoptotic cells, we previously showed (26) that exposure to a mixture of cross-linked anti-TCR and anti-CD28 mAbs induces significant apoptosis of immature TCR lo CD4 ϩ 8 ϩ and semimature TCR hi HSA hi CD4 ϩ 8 Ϫ thymocytes; with either mAb alone, levels of apoptosis are not above the background found for cells cultured in medium alone. Representative TUNEL staining and differences in apoptosis levels are shown in Fig. 1 .
For the experiments considered below, it is important to emphasize that TCR-mediated apoptosis of HSA hi CD4 ϩ 8 Ϫ thymocytes can be either Fas dependent or Fas independent, depending upon the conditions used ( Fig. 1) . In our studies, Fas plays no role in apoptosis when the "strength" of TCR ligation is kept at a low to moderate level, e.g., when (a) thymocytes are cultured with a low concentration of cross-linked anti-TCR mAb (plus a high concentration of anti-CD28 mAb) in vitro or (b) mice are injected with low doses of a soluble Sag (27) . In these situations, TCRdependent apoptosis of HSA hi CD4 ϩ 8 Ϫ thymocytes is prominent with both normal and lpr/lpr mice. Fas only plays a role in apoptosis when TCR ligation is intense, e.g., when thymocytes are subjected to strong TCR/CD28 ligation in vitro or mice are injected with high doses of Sags. Here, apoptosis is clearly apparent in normal mice but minimal in lpr/lpr mice. The implication, therefore, is that the Fasindependent pathway(s) of negative selection fails when the strength of TCR-dependent signaling exceeds a certain threshold; in this situation, Fas-mediated apoptosis becomes important as a "back-up" mechanism for negative selection. It should be noted that, in our results, Fas does not play a discernible role in TCR-dependent apoptosis of cortical CD4 ϩ 8 ϩ cells (Fig. 1) .
Cell Surface Molecules Provide Costimulation for TCR-dependent Apoptosis of Thymocytes In Vitro.
In the experiments shown in Fig. 2 , we examined the effects of culturing purified TCR lo CD4 ϩ 8 ϩ and HSA hi CD4 ϩ 8 Ϫ thymocytes with low (0.1 g/ml) versus high (10 g/ml) concentrations of anti-TCR mAb plus/minus a high concentration (20 g/ml) of mAbs specific for various cell surface molecules on thymocytes; all mAbs were presented in cross-linked form, i.e., in wells precoated with mAbs. The data are shown as difference in apoptosis.
For CD4 ϩ 8 ϩ cells, out of a total of 15 mAbs tested, only one mAb, anti-CD28, provided costimulation for TCRdependent apoptosis. Data for anti-CD28 and nine other mAbs are shown in Fig. 2 , left; negative results were observed with mAbs specific for five further molecules, i.e., CD30, CD40L, CD45, CD48, and TSA. Except for a slight increase by anti-CD45 mAb, none of the mAbs tested affected apoptosis when CD4 ϩ 8 ϩ cells were cultured without anti-TCR mAb (data not shown). The sole capacity of anti-CD28 mAb to provide costimulation for death of CD4 ϩ 8 ϩ cells was previously reported by Punt et al. (34) and applied to both low (Fig. 2 , left) and high (data not shown) concentrations of anti-TCR mAb.
Different results were observed with HSA hi CD4 ϩ 8 Ϫ cells (Fig. 2, center) . For these cells, mAbs specific for three cell surface molecules, CD28, CD5, and CD43, provided costimulation for TCR-dependent apoptosis; with the other 12 mAbs, differences in apoptosis levels were very low or undetectable (Fig. 2 , center and data not shown). As with CD4 ϩ 8 ϩ cells, none of the mAbs tested altered apoptosis of cells cultured without anti-TCR mAb.
The capacity of mAbs specific for CD28, CD5, or CD43 to provide costimulation for death of HSA hi CD4 ϩ 8 Ϫ thymocytes applied to Fas-independent apoptosis, i.e., to apoptosis induced by a low concentration of anti-TCR mAb (Fig. 2, center) . With a high concentration of anti-TCR mAb, the Fas-dependent apoptosis induced by TCR ligation alone was augmented by only one mAb, anti-CD43 (Fig. 2, right) ; none of the other mAbs tested had more than marginal effects on Fas-dependent apoptosis.
It was mentioned earlier that Fas-independent apoptosis of HSA hi CD4 ϩ 8 Ϫ cells induced by combined TCR/CD28 ligation fails with strong TCR ligation, i.e., with a high concentration of anti-TCR mAb. Similar findings applied with costimulation via CD5 or CD43. Thus, with HSA hi CD4 ϩ 8 Ϫ cells from Fas-deficient B6 lpr/lpr mice, TCR-dependent apoptosis induced by coligation of CD28, CD5, or CD43 declined to near background levels when the concentration of anti-TCR mAb was increased to a high level, 10 g/ml (Fig. 3) . Features of TCR-dependent apoptosis of CD4 ϩ 8 ϩ and HSA hi CD4 ϩ 8 Ϫ thymocyte subsets in vitro. Purified TCR lo CD4 ϩ 8 ϩ or HSA hi CD4 ϩ 8 Ϫ thymocytes from B6 or B6 lpr/lpr mice were cultured for 20 h in vitro in 200-l wells coated with anti-TCR (H57-597) mAb at 0.1 or 10 g/ml plus/minus anti-CD28 (37.51) mAb at 20 g/ml; as controls, cells were cultured in medium alone or in wells coated with anti-CD28 mAb alone. Apoptosis was detected by TUNEL staining and FACS™ analysis. (A) Representative TUNEL staining versus forward scatter (FSC) for CD4 ϩ 8 ϩ cells cultured in medium alone or in wells coated with a mixture of anti-TCR (0.1 g/ml) and anti-CD28 mAbs; the numbers in the panels show the proportion of TUNEL ϩ cells. (B) Difference in (⌬) apoptosis levels (%) for CD4 ϩ 8 ϩ and HSA hi CD4 ϩ 8 Ϫ cells cultured with anti-TCR mAb (0.1 or 10 g/ ml) alone or with anti-TCR plus anti-CD28 mAbs. The data show mean percent differences in apoptosis for triplicate cultures. Figure 2 . Capacity of various cell surface molecules on thymocytes to provide costimulation for TCR-dependent apoptosis of CD4 ϩ 8 ϩ and HSA hi CD4 ϩ 8 Ϫ thymocytes in vitro. Purified subsets of thymocytes from normal B6 mice were cultured overnight with anti-TCR mAb at 0.1 or 10 g/ml plus/minus the mAbs shown (all at 20 g/ml). The data represent mean percent differences in (⌬) apoptosis for triplicate cultures. The concentrations of anti-TCR mAbs used are shown in the panels.
Several Cell Surface Molecules Control Negative Selection
Capacity of Cytokines to Inhibit Fas-independent Apoptosis of HSA hi CD4 ϩ 8 Ϫ Thymocytes. We tested four cytokines, IL-2, IL-4, IL-7, and IFN-␥, for their capacity to influence Fasindependent apoptosis. For CD4 ϩ 8 ϩ cells, none of these cytokines affected either spontaneous (background) apoptosis (Fig. 4, top left) or change in apoptosis induced by TCR/ CD28 ligation (Fig. 4, bottom left) . For HSA hi CD4 ϩ 8 Ϫ cells, however, two of the cytokines, IL-4 and IL-7, considerably reduced spontaneous apoptosis (Fig. 4, top right) and abolished TCR/CD28-mediated apoptosis (Fig. 4, bottom right) .
Significantly, the capacity of these two cytokines to protect against TCR/CD28-mediated apoptosis also applied to apoptosis mediated by TCR/CD5 and TCR/CD43 ligation. Data for the effects of IL-7 on B6 lpr/lpr HSA hi CD4 ϩ 8 Ϫ cells are shown in Fig. 5 . It can be seen that, with low-level TCR ligation (anti-TCR mAb at 0.1 g/ml), apoptosis induced by coligation of CD28, CD5, or CD43 was abolished by addition of IL-7; confirming the data in Fig. 3 , costimulation-dependent apoptosis was not seen with strong TCR ligation (anti-TCR mAb at 10 g/ml).
In contrast to Fas-independent apoptosis, Fas-dependent apoptosis of HSA hi CD4 ϩ 8 Ϫ cells induced by strong TCR ligation (anti-TCR mAb at 10 g/ml) was not inhibited by IL-4 or IL-7 (or by IL-2 or IFN-␥) (data not shown).
Effects of Cytokines on Negative Selection In Vivo. The above findings indicated that IL-4 and IL-7 selectively blocked Fas-independent apoptosis but did not affect Fasdependent apoptosis. These observations raised the question of whether cytokines would be able to inhibit physiological negative selection in vivo. For Fas-independent apoptosis, it is notable that the inhibitory effects of IL-4 and IL-7 applied to all three of the molecules that provided costimulation for death of HSA hi CD4 ϩ 8 Ϫ cells, i.e., CD28, CD5, and CD43. Thus, even though physiological negative selection may involve other as yet untested cell surface molecules, inhibition via IL-4 or IL-7 could apply to all forms of costimulation leading to Fas-independent apoptosis. If so, these cytokines would be expected to block negative selection in vivo, but only Fas-independent and not Fas-dependent negative selection.
To test this prediction, we examined negative selection in neonatal mice injected with high versus low doses of a soluble Sag, SEB. With this model, previous studies showed that injecting neonatal mice with SEB had little effect on CD4 ϩ 8 ϩ cells but caused selective deletion of SEB-reactive V␤8 ϩ cells at the level of HSA hi CD4 ϩ 8 Ϫ thymocytes (27) ; deletion of these semimature T cells was accompanied by expansion of fully mature V␤8 ϩ HSA lo CD4 ϩ 8 Ϫ cells. Testing normal versus lpr/lpr mice showed that negative selection of HSA hi CD4 ϩ 8 Ϫ cells was Fas independent when the dose of SEB was kept at a low to moderate level (Ͻ1 g/ mouse) but was Fas dependent when high doses of SEB (50-100 g) were injected (27) . Capacity of cytokines to inhibit Fas-independent apoptosis of thymocyte subsets in vitro. Purified CD4 ϩ 8 ϩ or HSA hi CD4 ϩ 8 Ϫ thymocytes from normal B6 mice were cultured overnight either in medium alone (gray bars) or with a mixture of anti-TCR (0.1 g/ml) and anti-CD28 mAbs (black bars); where indicated, the recombinant cytokines shown were added to the cultures at 100 U/ml. The data show mean percent apoptosis (top panels) and percent difference in (⌬) apoptosis (bottom panels). 
5.
Costimulationdependent apoptosis induced by TCR/CD28, TCR/CD5, or TCR/CD43 ligation in vitro is abolished by IL-7. Purified HSA hi CD4 ϩ 8 Ϫ thymocytes from B6 lpr/lpr mice were cultured with either a low or high concentration of anti-TCR mAb plus/minus mAbs specific for CD28, CD5, or CD43; where indicated, IL-7 was added to the cultures at 100 U/ml. The data show mean levels of difference in (⌬) apoptosis for triplicate cultures. Gray bar, anti-TCR (0.1 g/ml); dotted bar, anti-TCR (0.1 g/ ml) plus IL-7; black bar, anti-TCR (10 g/ml).
The effects of injecting SEB plus/minus 40,000 U of IL-4 into neonatal normal C3H/HeJ mice are shown in Fig. 6 ; C3H/HeJ (IA k IE k ) rather than B6 (IA b IE Ϫ ) mice were used because SEB is presented by IE much more effectively than by IA molecules. Confirming previous findings (27) , injection of a moderate dose of 1 g SEB without IL-4, i.e., a dose of SEB that induces Fas-independent negative selection, caused selective removal of V␤8 ϩ HSA hi CD4 ϩ 8 Ϫ cells when measured on day 2 after injection ( Fig. 6 A) ; data on total numbers of V␤8 ϩ cells per thymus (and V␤6 ϩ cells as a control) are shown in Fig. 6 B. Note that, because of expansion of fully mature HSA lo CD4 ϩ 8 Ϫ cells, negative selection is not apparent at the level of CD4 ϩ 8 Ϫ thymocytes unless these cells are typed for HSA expression; the elimination of HSA hi cells reflects deletion rather than maturation into HSA lo cells (27) .
The key finding was that coinjection of IL-4 with SEB completely inhibited the elimination of V␤8 ϩ HSA hi CD4 ϩ 8 Ϫ thymocytes (Fig. 6, A and B) . With a high dose of SEB, however, the results were quite different. In this situation, i.e., where negative selection is Fas dependent, coinjection of IL-4 had no effect on SEB-induced deletion of V␤8 ϩ HSA hi CD4 ϩ 8 Ϫ thymocytes (Fig. 6 B) . Thus, IL-4 selectively blocked Fas-independent negative selection in vivo and did not influence Fas-dependent negative selection.
Negative Selection in Mice Lacking CD28 or CD43 Molecules. The notion that a number of different cell surface molecules on thymocytes provide costimulation for negative selection raises the question of whether individual molecules are totally redundant in this process or only partly so. Total redundancy would seem likely because CD28 Ϫ/Ϫ mice show no obvious defects in negative selection to endogenous antigens (14, 23) ; there are currently no reports on negative selection in CD43 Ϫ/Ϫ (35, 36) and CD5 Ϫ/Ϫ (37) mice. However, it is conceivable that individual costimulatory molecules do play a discernible role in negative selection at limited concentrations of antigen.
To assess this possibility, we examined negative selection in normal, neonatal, CD28 Ϫ/Ϫ and CD43 Ϫ/Ϫ mice given graded doses of SEB (Fig. 7) ; for these studies, mice on an IE ϩ BALB/c (H-2 d ) background were used. With injection of high doses of SEB (50 g/mouse), elimination of V␤8 ϩ HSA hi CD4 ϩ 8 Ϫ thymocytes was as extensive in CD28 Ϫ/Ϫ and CD43 Ϫ/Ϫ mice as in normal mice (Fig. 7 A, left) . With this high dose of antigen, negative selection was largely Fas dependent because minimal deletion occurred in Fas-deficient CD28 Ϫ/Ϫlpr/lpr and CD43 Ϫ/Ϫlpr/lpr mice (Fig. 7 B, left) . However, for Fas-independent negative selection induced by a low dose of SEB, e.g., 1 g, negative selection was clearly less marked in CD28 Ϫ/Ϫ and CD43 Ϫ/Ϫ mice than in normal mice (Fig. 7 A, left) . These data refer to SEB-reactive V␤8 ϩ cells; numbers of V␤6 ϩ cells were largely unaffected by SEB injection (Fig. 7, A and B, right panels). For CD28, comparable findings applied when neonatal D011.10 TCR-transgenic mice were injected with specific peptide, ova 323-339 (Fig. 8) . Thus, with injection of limiting doses of peptide, e.g., 1 g, deletion of TCR clonotype-positive HSA hi CD4 ϩ 8 Ϫ cells was substantial in normal D011 mice but minimal in CD28 Ϫ/Ϫ D011 mice (Fig.  8, left) . With a high dose of peptide (100 g), negative selection was near complete in both normal and CD28 Ϫ/Ϫ D011 mice; negative selection in this situation was Fas dependent because negative selection induced by a high dose of peptide was minimal in both CD28 ϩlpr/lpr and CD28 Ϫ/Ϫlpr/lpr D011 mice (Fig. 8, center) . These data refer to HSA hi CD4 ϩ 8 Ϫ cells. Elimination of CD4 ϩ 8 ϩ cells after peptide injection was minimal and was not decreased by CD28 or Fas expression (Fig. 8, right) .
Discussion
As mentioned earlier, it is generally agreed that induction of negative selection in the thymus requires some form of costimulation (5) (6) (7) (8) (9) 34) . As activation of mature T cells appears to be largely under the control of a single costimu- 
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Several Cell Surface Molecules Control Negative Selection latory molecule, CD28 (29, 38, 39) , it was initially presumed that CD28 must also play a crucial role in negative selection. The fact that most groups have found little or no impairment of negative selection in CD28 Ϫ/Ϫ mice thus seems puzzling. In light of this finding, the tacit assumption has been that negative selection is controlled by some other, as yet unknown costimulatory molecule. However, in view of the largely negative data derived from studies on many different gene knockout mice (see Introduction), the notion that negative selection is under the control of a single costimulatory molecule is becoming increasingly unlikely.
Although future studies on gene knockout mice may bring surprises, serious consideration has to be given to the idea that negative selection is not controlled by a single costimulatory molecule but rather by multiple molecules acting in consort (11, 26, 27) . Why has this notion generated little enthusiasm? Perhaps the major concern is that attributing negative selection to the action of multiple costimulatory molecules is a marked departure from the idea that only a single molecule, CD28, provides costimulation for mature T cells. However, here the precise definition of costimulation becomes important. If costimulation is defined in terms of cytokine production and survival of the responding T cells, CD28 is clearly a dominant costimulatory molecule for mature T cells (29, 38) . This point is illustrated by a recent study in which naive T cells were subjected to TCR ligation in the presence of cross-linked mAbs specific for a variety of cell surface molecules (40) . The clear-cut finding was that, of the molecules tested, only CD28 provided costimulation for cytokine (IL-2) production and protection of T cells from apoptosis. For induction of T proliferative responses, however, CD28 ligation was no more effective than ligation of a number of other cell surface molecules. Thus, although CD28 is crucial for inducing a "productive" immune response (IL-2 production and extended T cell survival), CD28 is merely one of several molecules that can provide costimulation for the initial activation of T cells.
This point is important because the unique capacity of CD28 to costimulate productive responses of mature T cells may be largely irrelevant to the induction of apoptosis during negative selection (which presumably does not depend on cytokine production). Thus, inducing negative selection may not require classic costimulation but simply augmentation of TCR-dependent signaling; many cell surface molecules may have this property, i.e., as for eliciting initial proliferation of mature T cells. As argued above, it would seem plausible that a number of different cell surface molecules are capable of inducing or promoting the signaling events that cause T cells to die during negative selection. In line with this view, we show here that, based on studies with cross-linked mAbs, at least three different molecules on thymocytes, CD28, CD5, and CD43, provided effective costimulation for TCR-mediated apoptosis of HSA hi CD4 ϩ 8 Ϫ thymocytes in vitro. As many other molecules on thymocytes have yet to be tested, negative selection could well involve a multiplicity of different costimulatory molecules. If so, demonstrating conspicuous defects in negative selection would be expected to require combined deletion of several of these molecules. On this point, it is surprising that induction of negative selection in vivo was clearly less efficient in mice deficient in only a single costimulatory molecule, i.e., in CD28 Ϫ/Ϫ and CD43 Ϫ/Ϫ mice (Fig. 7) . It should be emphasized, however, that defective negative selection in these mice was only apparent when limiting doses of antigen were injected. Our expectation is that the defects in negative selection in CD28 Ϫ/Ϫ and CD43 Ϫ/Ϫ mice will be more pronounced in combined CD28 Ϫ/Ϫ CD43 Ϫ/Ϫ mice; we are in the process of testing this prediction.
The signaling events that lead to negative selection are still largely obscure, although the MKK6-p38 MAP (mitogen-activated protein) kinase pathway (41) and certain transcription factors, notably Nur77 (42-44), appear to play an important role. As mentioned above, negative selection could be independent of classic costimulation and merely depend on potentiation of TCR-dependent signaling. If so, one would expect that the range of cell surface molecules able to induce negative selection of thymocytes and initial activation (proliferation) of mature T cells would be quite similar. In agreement with this notion, the three molecules shown here to induce TCR-mediated apoptosis of thymocytes, CD28, CD5, and CD43, are all reported to be capable of providing costimulation for proliferation of naive T cells (40, 45) . However, at least two other molecules able to costimulate mature T cells, CD2 and LFA-1 (40), showed no detectable capacity to potentiate negative selection in our hands (Fig. 2) . Thus, costimulation for negative selection is presumably more complex than simply augmenting TCR signaling.
Although the signaling pathways leading to negative selection via CD28, CD5, and CD43 could be fundamentally different, it is notable that for Fas-independent negative selection, the costimulatory function of these three molecules was completely inhibited by IL-4 or IL-7. Significantly, the inhibitory effect of these cytokines also applied to negative selection in vivo. Thus, when mice were injected with a low dose of SEB (thereby excluding Fas-dependent apoptosis), coinjection of a single dose of IL-4 totally abolished the elimination of SEB-reactive V␤8 ϩ cells at the level of HSA hi CD4 ϩ 8 Ϫ cells (Fig. 6 ). This finding could explain why the neonatal thymus, which is enriched in IL-4-producing T cells (46) , shows less efficient negative selection to endogenous Sags than the adult thymus (47, 48) . Similarly, the impaired negative selection seen in graftversus-host disease (49, 50) could reflect migration of IL-4-producing, host-reactive T cells to the thymus.
How IL-4 and IL-7 block Fas-independent negative selection is unknown. However, preliminary work has shown that adding IL-4 or IL-7 during exposure of HSA hi CD4 ϩ 8 Ϫ thymocytes to weak TCR/CD28 ligation in vitro causes strong activation of NKB (our unpublished data). As NFB activation can protect cells from apoptosis (51), the inhibitory effects of IL-4 on negative selection may thus reflect induction of antiapoptotic molecules in the responding T cells. This idea could also explain the paradox that Fas-independent negative selection only operates with relatively low doses of antigen in vivo or with weak TCR/CD28 (CD5, CD43) ligation. Under these conditions, NFB activation is low, thus favoring apoptosis induction. However, with strong TCR/CD28 ligation, NFB activation is pronounced and apoptosis is minimal (our unpublished data). A priori, NFB activation could be a direct consequence of strong TCR/CD28 ligation per se. Alternatively, strong TCR/CD28 ligation may induce the T cells to produce IL-4 or IL-7, which in turn could stimulate NFB activation. This second possibility is under investigation.
In view of the above findings, the failure of Fas-independent negative selection after strong TCR (TCR/CD28) ligation (or weak TCR ligation in the presence of IL-4 or IL-7) may reflect protection against apoptosis via induction of antiapoptotic molecules. Thus, to guard against this problem, a quite separate pathway of apoptosis induction could be crucial as a backup for negative selection. Fas could play this role. In our hands, Fas only contributes to negative selection when the dose of antigen (or the strength of TCR ligation) is high, i.e., under conditions where the Fas-independent pathway is inoperative. Here it is of interest that, unlike Fas-independent apoptosis, the Fas-dependent pathway of apoptosis appears to be resistant to the protective effects of cytokines. Thus, the capacity of IL-4 to block negative selection after SEB injection applied only with a low dose and not a high dose of SEB (Fig. 6) ; as discussed previously (27) and confirmed here, studies with normal versus lpr/lpr mice indicate that negative selection induced by a high dose of SEB is strongly Fas dependent.
As the Fas-independent and -dependent pathways of negative selection seem to be distinctly different, demonstrating significant deficits in negative selection in normal mice in response to a broad range of antigen concentrations would presumably require the inactivation of both pathways. Although our data on this point are still limited, it is notable that double-deficient CD28 Ϫ/Ϫlpr/lpr and CD43 Ϫ/Ϫlpr/lpr mice showed a conspicuous defect in negative selection after SEB injection (Fig. 7) ; especially for CD43 Ϫ/Ϫlpr/lpr mice, this finding applied irrespective of the dose of SEB injected. A similar marked defect in negative selection was seen in CD28 Ϫ/Ϫlpr/lpr D011 mice after injection of specific peptide (Fig. 8) . Thus, although multiple cell surface molecules may be involved in negative selection, some of these molecules (CD28, CD43, and Fas) may be more important than others.
The data in this paper refer only to negative selection af- 
